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Abstract The aim was to study density-driven groundwater
flow and analyse groundwater mixing because of seasonal
changes in groundwater temperature. Here, density-driven
convection in groundwater was studied by numerical simula-
tions in a subarctic climate, i.e. where the water temperature
was <4 °C. The effects of soil permeability and groundwater
temperature (i.e. viscosity and density) were determined. The
influence of impermeable obstacles in otherwise homoge-
neous ground was also studied. An initial disturbance in the
form of a horizontal groundwater flow was necessary to start
the convection. Transient solutions describe the development
of convective cells in the groundwater and it took 22 days
before fully developed convection patterns were formed.
The thermal convection reached a maximum depth of 1.0 m
in soil of low permeability (2.71 · 10−9 m2). At groundwater
temperature close to its density maximum (4 °C), the physical
size (in m) of the convection cells was reduced. Small stones
or frost lenses in the ground slightly affect the convective
flow, while larger obstacles change the size and shape of the
convection cells. Performed simulations show that Bseasonal
groundwater turnover^ occurs. This knowledge may be useful
in the prevention of nutrient leakage to underlying groundwa-
ter from soils, especially in agricultural areas where no natural
vertical groundwater flow is evident. An application in north-
ern Sweden is discussed.
Keywords Groundwater flow . Thermal convection .
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Introduction
Traditionally, fertilizer is applied to fields at different time of
the year in the north and in the south of Sweden. It is consid-
ered more efficient to apply fertilizer in the autumn in the
north, while it is done in the spring in the south. Nutrient loss
to groundwater leads to overfeeding of lakes and water-
courses, negatively impacting flora and fauna. By understand-
ing the mechanisms behind the leakage, fertilizing could be
done more effectively. Such knowledge would also be helpful
in preventing and counteracting other types of contamination
by leakage from the ground surface to groundwater (Kyllmar
2004). Ground heat exchangers, used for extraction of thermal
energy for space heating/cooling, are also affected by such
groundwater convection (Hellström et al. 1988).
An approach to understanding the mechanism of nutrient
leakage from agricultural land as a result of thermally driven
groundwater convection, similar to seasonal mixing of lakes,
was suggested by Engström and Nordell (2006). In that study,
the groundwater convection was modelled for a groundwater
temperature of 10 °C (southern Sweden), whereby the ground-
water convection was initiated by cooling of the uppermost
groundwater. This Bheated from below^ study showed that
groundwater convection reaches down to a depth of at least
5 m when the uppermost groundwater is cooled from 10 to
4 °C. It was found that the penetration depth depends on water
temperature, thermal gradient and permeability of the soil.
In the current study, in the north of Sweden, the undis-
turbed groundwater temperature is below 4 °C. After a long
period of ground frost, heating occurs from the ground surface
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during the spring and early summer. The thawing frost front is
at a temperature close to 0 °C, while the surface groundwater
will warm up until it reaches 4 °C—a Bheated from above^
convective layer is formed. The hypothesis in this is that the
seasonal temperature variation initiates and drives thermal
groundwater convection, as shown in Fig. 1.
During spring and early summer, heat is transported from
the ground surface into the ground. In the north of Sweden,
this means that the uppermost groundwater layer is heated
from 3 to 4 °C. The heat flow melts the frost further down
into the ground; thus, the ground surface and the uppermost
groundwater are Bwarm^, while the groundwater at the frost
front is at 0 °C. This temperature difference, along with a
suitable permeability in the ground and a beneficial soil layer
thickness, induces a convective transport of groundwater.
The denser warmer water begins to sink while the colder
less dense water below starts to rise and a convection cell is
formed. With increasing air temperature, the uppermost
groundwater temperature will not remain at 4 °C. While the
temperature at the groundwater surface is increasing, a density
boundary of 4 °C water is formed as an upper boundary of the
convective layer. Density-driven convection takes place be-
tween the 4 °C density boundary and the thawing frost bound-
ary described in Fig. 2.
Seasonal turnover in lakes is well understood (Kirilin
2010). A stable thermal stratification of lake water occurs
during summer and winter as the density of the water increases
with depth. This stratification is disturbed during spring and
autumn by the density changes resulting from a temperature
change, i.e. heating or cooling of the uppermost layer of water.
The temperature of the whole lake is temporarily uniform
before the temperature distribution is Bturned upside down^.
The driving force of thermal convection is the seasonal tem-
perature variation of the surface water and its temperature
dependent density and viscosity.
Lapwood (1948) started the analysis of groundwater con-
vection by describing a number of cases for the onset of
convection in porous media. Straus and Schubert (2012)
showed that convection patterns were initiated in porous
media at the critical Rayleigh number; however, these
studies were made for very large convection cells (km) and
large temperature differences. Prasad and Kulacki (1984)
made basic convection studies for a rectangular porous cav-
ity with constant heat flux on one wall. Simmons et al.
(2001) discusses the challenge in describing the onset of
natural convection in strongly heterogeneous porous media.
Nield and Kuznetsov (2010) describe how convection insta-
bilities develop with time in porous media. The two latter
studies are highly relevant to the work reported here.
Conductive heat transport through the soil cover depends
on the depth to the water table, the soil thermal conductivity,
and the temperature difference between the groundwater and
the soil at ground surface (Claesson et al. 1985a). Natural
convection in fluid-saturated porous media is well covered
in heat transfer literature because of its many engineering ap-
plications (Nield and Bejan 1999).
Most studies in saturated porous media with nonlinear den-
sity distribution usually consider convection in thin layers, for
small-scale industrial filter applications (Vadaz and Olek
1999). Thermal convection in aquifers has been studied at
much higher temperatures in large geological formations
(Pestov 2000; Cardenas et al. 2012; Krol et al. 2014) and in
thermal energy storage in aquifers (Claesson et al. 1985b).
The problem reported here involves temperatures up to
10 °C and convection cells up to a few meters.
Only a few field measurements on thermally driven con-
vection have been found, none in a subarctic climate. Bense
and Kooi (2004) showed that, in their study, groundwater
temperature was fluctuating 2 °C at the depth of 0.5 m below
the ground surface; they observed 3.5 oscillations over 100 m.
The possibility that such patterns represent groundwater con-
vection was however not discussed in the paper. Krol et al.
(2014) investigated heat generated onset of convection cells
by injecting heat at high temperature (70 °C) into an aquifer.
There are some previous studies of convection in heteroge-
neous media but not with impermeable parts embedded into
the porous media. Prasad and Simmons (2003) did a numeri-
cal study on the onset of convection in heterogeneous porous
media. The heterogeneity consisted of Monte Carlo simulated
varying permeability in a (20×150 m) control volume.
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Q Fig. 1 Diagram illustrating how
heating or cooling drives
groundwater convection.
Groundwater mixing reaches
greater depths in the south of
Sweden since the groundwater
mean temperature deviates more
from the maximum density water
temperature (4 °C). Q is heat flux
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Theory of thermal convection
By changing a fluid’s temperature, the resulting density and
viscosity change will stimulate motion of the fluid (Rehbinder
et al. 1995). This also happens when a permeable material is
being saturatedwithwater, e.g. groundwater in soil, even though
the porous material slows down the flow velocity of the water.
The fluid’s temperature is assumed equal to the matrix’s
temperature. Heat is transported by convection and conduc-
tion in the fluid and by conduction only in the matrix (Ene and
Polisevski 1987). The mathematical formulation of thermal
convection in porous media, near 4 °C, was provided by
Blake et al. (1984). Mass, momentum, and energy for the
homogeneous porous medium model are conserved, as de-
scribed by the following equations (note: terms used in this

































where the variables u and v are the fluid velocity components,
P is pressure, ρ is fluid density, t is time, and T is temperature.
The constant K is the (intrinsic) permeability of the porous
matrix, μ is the viscosity, α is the thermal diffusivity, and g
is the gravitational acceleration. The heat capacity ratio σ is
defined as
σ ¼ ϕ ρcp
 
f







whereφ is the porosity of the medium, cp is the specific heat at
constant pressure, (ρcp)f and (ρcp)s are the heat capacity of the
fluid and solid matrix respectively. The usual Boussinesq
approximation of temperature dependent density cannot be
used in this case. The density function of temperature is not
linear close to the density maximum; therefore, a better,
nonlinear approximation is that of Goren (1966) and Moore
and Weiss (1973).
ρ ¼ ρ0 1−γ T−T0ð Þ2
 
ð6Þ
where ρ0 is the maximum density of the water at T0=3.98 °C
and γ=8 · 10−6 (°C−2). This approximation is valid in the
temperature range of 0 to 10 °C; air pressure fluctuations are
not considered to affect the density of water in this study
(Franks 1972). Eliminating pressure from Eq. (3), Eq. (4),









T−T0ð Þ ∂T∂x ð7Þ
Here the kinematic viscosity υ is taken as μ/ρ0. The dynamic
viscosity of a fluid μ is a second order function of temperature
between 0 and 10 °C. The viscosity function used was derived
from tabled values.
The Rayleigh Number (Ra) is the balance between buoy-
ancy force and viscous force (Kundu 1990). In porous media,
Ra can be derived from the system of Eqs. (1)–(7), when
Eq. (7) is written in a non-dimensional form. Ra is a non-
dimensional constant and an eigenvector in the solution of
the non-dimensional systems of equations (Nield and Bejan
1999). Ra can be written as:




where H is the depth of the control volume. The general crit-
ical Rayleigh number, Rac = 4π
2, indicates that convection
occurs when Ra>Rac.
Thermally driven convection could be triggered and partly
driven by horizontal groundwater flow, when convection be-
gins at a lower Ra number. This phenomenon has been the
subject of detailed studies in the field of aquifer thermal ener-
gy storage (Engström and Nordell 2006). Ra was analysed for
different boundary conditions and it was shown that it was
possible to get lower Rac than the general Rac=40 at undis-
turbed groundwater conditions (Nield and Bejan 1999).
The Nusselt (Nu) number is defined as the ratio between
actual heat transfer and conductive heat transfer. For a given







where k is the thermal conductivity of a water-saturated po-
rous matrix while TH and TC refer to hot and cold temperature,
Fig. 2 A boundary is formed between the upper heated surface
groundwater and the lower convective layer
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respectively. H and L are depth and length of the control vol-
ume, respectively; thus, convective heat transfer entails Nu>1
(Nield and Bejan 1999). In the performed calculations, the




The objective of the current study was to investigate thermally
driven groundwater convection with a groundwater mean
temperature lower than 4 °C; in this case, the convection starts
via heating of the uppermost groundwater. The transient de-
velopment of the convection cells was modelled.
Some assumptions are made about the natural conditions
and also prerequisites for the simulation model. A constant
water table close to the ground surface was assumed. The
permeability and the thermal conductivity are assumed to be
constant in the vertical and horizontal direction. It was also
assumed that the driving energy of the convection is the heat
transport from the warmer ground surface into the
groundwater.
At the upper and lower boundaries, the temperatures are
constant. An initial disturbance is necessary to start the con-
vection and an initial horizontal groundwater velocity was
therefore introduced. Other natural disturbances such as in-
clined groundwater surface, air pressure variations, ground-
water flow, heterogeneous permeability, and varying thermal
conductivity of the soil, are not considered. Melt water or rain
infiltration, which would influence the temperature gradient,
are not considered in this study.
Simulations
The software ANSYS Fluent (ANSYS Inc 2014) is spe-
cialized to preform computational fluid dynamics (CFD)
simulation and uses a control volume technique to solve
the equations of the conceptual model. The governing
equations of momentum, energy and pressure are integrat-
ed and then discretized by a second-order upwind method.
The solver is segregated and the interpolation scheme is
implicit. The gradient is cell based and absolute velocity
is used. When the residuals of energy, continuity and ve-
locity are low enough (10−6) the solution is considered
converged.
A suitable mesh size for the simulations was first de-
termined. Steady-state calculations were then performed
to analyse how permeability and leakage depth influenced
the formation of convection cells. Transient solutions
were used to evaluate the time needed to establish stable
convection patterns; additionally, the influence of
obstacles (frost lenses or stones) in the soil, on the
groundwater convection, was simulated.
Conceptual model
A two-dimensional (2-D) control volume is filled by a porous
material and water. Here, H (m) is the depth of the control
volume and L (m) is the length of the same (see Fig. 3).Heat
is transported across the upper and lower boundaries. In order
to idealise the problem, the permeability is assumed equal in
both vertical and horizontal directions and the local tempera-
ture T is equal in both the porous material and water. The
constant boundary temperatures are TH = 4 °C and TC=0 °C
at the top and bottom of the control volume, respectively.
There is no groundwater flow through the control volume,
but an initial horizontal velocity Vi (m s
−1) is needed to start
the convection, which is required by the simulation model but
does not affect calculated convection velocities. A grid of
quadratic mesh cells was used over the control volume.
Impermeable rectangular obstacles were added in the con-
trol volume to make the simulations similar to natural condi-
tions. Two different scenarios were studied. In some simula-
tions such as that of a frost lens, the obstacles had a constant
wall temperature (TW=0 °C), while in other cases, the imper-
meable obstacle had the same temperature and thermal trans-
fer abilities as the surrounding porous media (stones).
Other assumptions
Typical porosity values in sand, with grain sizes of 1–5 mm,
are 35–50 %. To simplify the simulations, the porous material
is assumed to consist of spherical grains of equal size, i.e. the
porosity is kept constant at 35 %. By varying the grain size,
the Ra differs due to the permeability change. The (intrinsic)
permeability, K, as given by Bear (1972) is:
K ¼ Dp
2ϕ3
180 1−ϕð Þ2 ð10Þ
where Dp is the grain size and φ is the porosity. The





Fig. 3 Vertical section of a control volume with length L and depth H.
The upper boundary is at constant temperature TH, and the lower
boundary is at constant temperature TC, where TH> TC. Vi is the initial
velocity, and the cells represent the expected pattern
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with temperature according to Franks (1972), from
0.001792 to 0.001308 kg m−1 s−1 (10 °C).
Size of control volume and mesh
The numerical modelling requires that the length (L) and
depth (H) of the analysed groundwater volume is big
enough for convection to take place. It also requires that
the mesh size is small enough to analyse the groundwater
movement. The mesh size of a fixed control volume 5 ·
0.5 m (L × H) was systematically reduced in small steps
from 0.15 to 0.020 m (see Table 1, part 1). All mesh cells
in this simulation are quadratic and the meshing is uni-
form all over the area. As seen in Table 1 (part 1), Nu
converges (at 1.36) with decreasing mesh size, which thus
gives the maximum mesh size as 0.025 m. Subsequently,
at least 20 mesh cells in the vertical direction were used to
obtain converged solutions in the different control vol-
umes. So, for a control volume of 0.5 · 5.0 m, 4,000 mesh
cells are used.
Critical permeability and penetration depth
The second part of the analysis was to determine a critical
permeability. Four grain sizes were analysed to find the lowest
possible permeability for convection to occur. The size of the
control volume was kept constant as well as the mesh size (see
Table 1, part 2).
The third part considered the penetration depth of the ver-
tical water movement. The control volume contained at least
20 mesh cells in the vertical direction. The vertical depth was
varied from 0.1 to 1.0 m, whereas the permeability was kept
constant (see Table 1, part 3).
Transient solutions were used to evaluate the time to estab-
lish stable convection patterns. The development of the con-
vection was examined at 1 day, 13 days and 22 days; further-
more, the obvious influence of obstacles (frost lenses or
stones) in the soil, on the groundwater convection, was simu-
lated. The geometry of the impermeable obstacles was given
as an easy-to-apply rectangular shape, whereby these obsta-
cles were assumed to prevent or hinder the convection from
occurring. Finally, the question arose as to whether the tem-
perature of the obstacle had any influence on the convection.
Two scenarios were investigated: obstacles acting like stones
that adapt to the ambient temperature, or frost lenses having a
constant surface temperature of 0 °C.
Results
Stable thermal convection occurs when Nu >1 and Ra>Rac.
This means that thermal convection is influenced by soil per-
meability, horizontal groundwater flow, thermal properties of
the soil, temperature difference, and the distance between the
uppermost and undisturbed groundwater. The results are sum-
marized in Table 1, where the permeability is a function of
grain size and BNo. of cells^ indicates the number of stable
convection cells within the control volume. In some cases,
stable solutions were not found though Nu>1, which means
that part of the heat transport must be a result of convective
heat transfer. There were also a number of stable convection
patterns for Nu <1.
The current study features:
– The required conditions for thermal groundwater convec-
tion to occur
– The required time for fully developed convection patterns
to occur
– The influence of obstacles (e.g. frost lenses or stones) on
thermal groundwater convection
The permeability was varied to investigate the limits for
stable convection in a 5 · 0.5 m control volume, and perme-
ability values equal to a grain size of 1.5–3 mm were
Table 1 Summary of numerical results of convection concerning
permeability, mesh size and depth of the control volume in the north of
Sweden
L H Mesh size K (10−9) Grain size Ra Nu No. of cells
(m) (m) (m) (m2) (mm) (−) (−) (−)
Part 1
5 0.5 0.1 6.09 3 38 1.24 10
5 0.5 0.05 6.09 3 38 1.41 14
5 0.5 0.025 6.09 3 38 1.36 18
5 0.5 0.0125 6.09 3 38 1.36 18
Part 2
5 0.5 0.025 3 6.09 38 1.36 18
5 0.5 0.025 2.5 4.23 27 1.06 14
5 0.5 0.025 2 2.71 17 0.7 12
5 0.5 0.025 1.75 2.07 13 0.53 10
5 0.5 0.025 1.5 1.52 10 0.53
Part 3
5 0.5 0.025 2 2.71 17 1.12 12
5 0.6 0.025 2 2.71 20 1.15 10
5 0.7 0.025 2 2.71 24 0.89 12
5 0.8 0.025 2 2.71 27 1.08 8
5 0.9 0.025 2 2.71 31 1.03 8
5 1 0.025 2 2.71 34 0.97 8
5 1.1 0.025 2 2.71 37 0.57 -
Part 4
5 3 0.0025 3 6.09 230 0.99 6
5 1 0.0025 2 2.71 34 0.97 8
5 1 0.0025 1.75 2.07 26 0.84 10
5 1.5 0.0025 1.5 1.52 29 0.59 4
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investigated. Stable convection was obtained for permeability
values greater than 2.07 · 10−9 m2, corresponding to a sand
with 1.75-mm grain size (see Table 1, part 2).
Table 1 (part 3) shows the influence of varying depth (H)
for K=2.71 · 10−9 m2 (grain size 2 mm). Stable convection
exists for depths down to 1.0 m, with a decreasing number of
cells. For a 1.1-m deep control volume, the Nu was smaller
than 1, indicating that the temperature gradient was too small
to drive the convection. Table 1 (part 4) shows the penetration
depth for different permeabilities. For a 3-mm grain size the
penetration depth reached 3 m; both 2 and 1.75-mm grain size
reached at most 1-m penetration depth, while for 1.5-mm
grain size, there was still stable convection at 1.5-m depth.
In a 5 · 0.7-m control volume the effect of three large
obstacles was studied for K=6.0 · 10−9 m2, TH=4 °C, and
TC=0 °C, Vi=10
−9 m s−1 (see Fig. 4).
The large obstacles forced the convection cells to change
size and shape. Obstacles with their own constant wall tem-
perature, TW=0 °C, such as a frost lens, generated a different
convection pattern than that of an obstacle with the same tem-
perature as the porous media (stones). The transient solution
was studied on control volumes 5 · 0.7 m with and without
obstacles. The time required to fully develop a steady convec-
tion pattern was about 22 days for each case. This develop-
ment is shown in Fig. 4 (with obstacles) and Fig. 5 (without
obstacles).
Discussion
The hypothesis that thermally driven groundwater convection
could occur as a result of natural cooling of groundwater from
10 to 4 °C has previously been shown by numerical simula-
tions (Engström and Nordell 2006). The current study shows
that such convection also occurs as a result of natural warming
of (surface) groundwater from 3 to 4 °C in medium-grained
sands, which could potentially explain why the convection
takes place during early summer in the north and during the
fall in the south of Sweden. The convection does not reach as
deep in the north because the mean temperature of groundwa-
ter is close to the temperature of maximum density of water.
An initial horizontal water velocity triggers the start of
convection without influencing the temperature-driven
groundwater circulation. There are several natural events that
initiate similar disturbances, e.g. a fluctuating water table be-
cause of rain infiltration, air pressure variation and soil hetero-
geneities. In the current study, all vertical groundwater move-
ment is density driven and this convection affects all water
between the upper and lower limit of the convection cell.
This observation indicates how nutrients could infiltrate into
groundwater and how important the groundwater temperature
is for the infiltration depth. Figure 6 shows a cross section of
the convective layer with streamlines and isotherms.
It was shown that obstacles such as frost lenses or stones in
the ground change but do not hinder the convection pattern. In
the case where obstacles are added, they are purposely shaped
in a Bdifficult^ form, in which very few natural obstacles exist.
A circular or hexagonal shape would be more forgiving in the
simulations. The rectangular shape was supposed to vanquish
the convection patterns, but the convection shape was not
overpowered by the difficult obstacle shape. Their size was
adjusted to be not too small, and not too big. Too small obsta-
cles would not have any significant effect on the convection
patterns and too large obstacles would not allow any convec-
tion cells. The time required to establish stable convection
patterns was about 22 days; thus, a more forgiving shape
should decrease the stabilization time.
The Meteonorm model (Meteonorm 2014), an established
model to determine climate data anywhere in the world, was
used to determine temperature data at selected locations.
Monthly mean air temperature records for the north of
Sweden (Luleå) show that the ambient air temperature is
warmer than the groundwater temperature for 6 months
(April–October) of the year. This means that groundwater at
Fig. 4 Numerical steady-state
solution for a 5 · 0.7 m control
volume: Vi = 10
−9 m s–1, Ra = 61,
K= 6.09 · 10−9 m2, TC = 0 °C,
TH= 4 °C. a Streamlines of
control volume including three
obstacles with temperature
T0 = 0 °C, Nu= 0.49. b
Streamlines of control volume
including three obstacles with the
same temperature as the
surroundings (Nu = 1.0). c
Streamlines of undisturbed
control volume (Nu= 1.13)
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shallow depths will be warmed during half of the year. During
the spring, a thin convective layer of groundwater, at a tem-
perature from 4 to 0 °C, moves downwards as the frost thaws.
Daily air temperature variation at the surface penetrates ap-
proximately 0.2 m into the ground. This temperature is
damped with increasing depth and does not greatly affect the
convection (Nordell and Söderlund 1998).
The temperature-driven vertical velocity of the water is in
the order of 10−6 m s−1, when a stable convection pattern is
obtained, which means that the water penetrates to a depth of
1 m within 12 days. Concurrently, the water at 1-m depth
flows upwards to close the convection cell.
The smallest required permeability is K=2.07 · 10−9 m2
and corresponds to a coarse sandy soil (grain size of
1.75 mm), while agricultural soil normally consists of finer
grains; however, since the permeability of a soil is a mean
value, there are more or less permeable sections in the soil.
Since any flow follows the path of minimum resistance,
groundwater will find its way through the more permeable
parts of the soil, where the groundwater flow rate will increase
and enhance the development of vertical groundwater flow
and of course also the convection cells.
In natural systems, thermally driven convection is initiated
by different kinds of disturbances—e.g. varying groundwater
flow, infiltration of rain and melt water, changing air pressure
and permeability variations. These disturbances were not con-
sidered in the performed simulations but an initial small hor-
izontal groundwater velocity was introduced to start the
convection.
For horizontal groundwater flow to occur, the water table
has to be inclined, which is not the case in the present study.
Such a gradient enhances vertical water movement, especially
in inhomogeneous materials, and it starts secondary currents
in the groundwater flow. In that scenario, the groundwater
temperature is of little or no importance since the temperature
distribution is the same as that outside the calculated section.
Infiltration of rain and meltwater, on the other hand, always
means vertical groundwater movement that influences the
temperature-driven convection.
Bense and Kooi (2004) showed in their study that subtle
variations in groundwater flow velocities close to the surface
groundwater result in significant temperature anomalies as a
result of the interaction of seasonal surface temperature vari-
ation and groundwater flow. Therefore, determining horizon-
tal profiles of shallow groundwater temperature could be a
tool to assess the small-scale heterogeneity of ground-sur-
face/groundwater interaction.
In a study performed by Bloomfield et al. (2013), seasonal
changes in mean annual air temperature at sea level in the UK
varies from 8 °C in the north to 12 °C in the south. In northern
Fig. 5 Numerical transient
solution for a 5 · 0.5 m control
volume: Vi = 10
−9 m s−1, Ra = 38,
K= 6.09 · 10−9 m2, TC = 0 °C,
TH= 4 °C. a Convection pattern
after 1 day, Nu = 1.89; b
Convection pattern after 13 days,
Nu= 0.55; c Fully developed
convection pattern after 22 days,
Nu= 1.36
Fig. 6 Numerical steady-state
conceptual solution showing the
relation between streamlines and
isotherms. a Streamlines; b
Isotherms
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temperate-climate regions, diurnal variations are not generally
seen below 1.5 m depth, whereas seasonal temperature cycles
penetrate the ground to depths on the order of 10–15 m at a
rate dependent on the thermal diffusivity of the ground.
Though the diffusion term was less than the convection
term, performed calculations (eventually) converged. This
idealised solution may not be generally applied in picturing
the water flow but indicates that vertical groundwater move-
ments occur. Validation of obtained results should preferably
be carried out in a laboratory test since the natural environ-
ment includes too many uncontrolled parameters.
The results shown can be helpful in determining when, in
the year, to apply fertilizers to the ground in subarctic areas,
and to estimate a potential depth to which the nutrients are
expected to reach. In traditional studies of convection in
groundwater, larger temperature gradients are used over big-
ger areas.
Conclusions
The hypothesis, that seasonal temperature variations could
initiate and drive thermal groundwater convection in cold
climates was supported by numerical simulations, though
it was not possible to verify the calculations. The number
of convection cells increases with permeability and de-
creases with the thickness of the control volume in a ho-
mogeneous porous medium. Impermeable disturbances in
the homogeneous porous media, like stones, also affect
the number of convection cells. Convection cells form at
Ra > 15, provided that an initial disturbance, a horizontal
small groundwater velocity, is used.
In some cases, no stable solution was found even with
Nu> 1, i.e. part of the heat transport must be a result of
convective heat transfer. One explanation could be oscil-
lating or propagating convection cells, which would not
be seen in steady-state solutions. Since it takes 22 days to
establish steady-state groundwater convection, for as-
sumed standard conditions, convection is likely to occur
in the north of Sweden. Vertical groundwater movements
will exist and will transport nutrients, regardless of wheth-
er there are obstacles such as frost lenses or stones in the
ground. The obstacles change, but do not hinder the oc-
curring convection pattern in the ground. If there is no
stable convection pattern provided, there is still vertical
transport of the groundwater, due to seasonal temperature
changes in cold climate areas.
Groundwater convection occurs in different seasons of the
year depending on whether the groundwater temperature is
higher or lower than 4 °C. The size of the convection cells
increases with increasing temperature deviation from the max-
imum density of the groundwater (4 °C). Consequently, the
vertical transport of soluble nutrients and fertilizer and, hence,
loss from surface soils can be estimated based on simulation of
thermally driven convection.
Future work
The performed simulations show that stable convection was
obtained for permeability values greater than 2.07 · 10−9 m2,
corresponding to sand with a 1.75-mm grain size, which is
however considerably greater than that of typical agricultural
soils. Although seasonal temperature differences would assist
the groundwater convection in such soils, there must also be
other explanations to vertical groundwater movements in fine-
grained soils—other reasons would be unstable groundwater
convection or oscillating convection cells, infiltration of rain
and melt water, heterogeneous permeability, and pressure-
induced convection due to partially melted frost in the ground,
i.e. the pressure below the frost layer forces the groundwater
to the ground surface.
The Coriolis force, caused by the Earth’s rotation, induces
secondary currents and is also being studied by the authors
and the results are soon to be published. The simulations per-
formed could be verified by monitoring the groundwater tem-
perature in a field test using a three-dimensional grid during a
period of time when seasonal groundwater turnover is
occurring.
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Appendix
Nomenclature
cp Specific heat at constant pressure (J kg
−1K−1)
Dp Grain size (m)
g Acceleration of gravity (m s−2)
H Depth of control volume (m)
k Thermal conductivity (W m−1 K−1)
K Permeability (m2)
L Length of control volume (m)
P Pressure (Pa)
Q Heat transfer rate (W m−2)
Ra Rayleigh number (-)
Rac Critical Rayleigh number (-)
t Time (s)
T Temperature (°C)
T0 Maximum density temperature (°C)
TH Hot temperature (°C)
TC Cold temperature (°C)
1252 Hydrogeol J (2016) 24:1245–1253
TW Frost lens wall temperature (°C)
u Horizontal velocity (m s−1)
v Vertical velocity (m s−1)
Vi Initial velocity (m s
−1)
x, y Cartesian coordinates in two dimensions
Greek letters
α Thermal diffusivity (m2 s−1)
γ Coefficient (°C−2)
μ Dynamic viscosity (kg m−1s−1)
ρ Density (kg m−3)
ρ0 Density maximum (kg m
−3)
σ Heat capacity ratio (-)
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